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INTRODUCTION
High-throughput analyses of the transcriptome showed that 90% of the eukaryotic genome is transcribed, generating an extraordinary range of RNAs with little or no coding capacity [1] . Based on transcript size, these non-coding RNAs (ncRNAs) can be grouped into two major classes: small non-coding RNAs (sncRNAs) that are shorter than 200 bp; and long non-coding RNAs (lncRNAs) that range in length from 200 bp to over 100 kb [2] . Additionally, the recently identified circular RNAs (circRNAs) can be included in both classes, depending on their lengths [3] . In the past 20 years, researchers have identified several lncRNAs, such as XIST [4, 5] . In recent years, approaches based on microarray analyses and nextgeneration sequencing (NGS) enabled these lncRNAs to be studied on a genome-wide scale [4, 5] . For instance, the Functional Annotation of the Mammalian Genome consortium (FANTOM) identified more than 11,000 lncRNAs in a large-scale sequencing of a cDNA library in mice [6] . Due to their low sequence conservation, low expression levels and lack of coding capacity, lncRNAs were previously considered to be spurious transcriptional noise or an incidental by-product with no function. However, high-throughput sequencing showed that lncRNAs were widely distributed in mammals and had dynamic changes in expression level that were under strict regulation. They also exhibited species-, tissue-and developmental contextspecific expression patterns [7] . Increasing evidence suggested that aberrant regulation of lncRNAs was closely associated with the occurrence and development of many diseases, such as a variety of cancers, Alzheimer's disease and cardiovascular disease [8] [9] [10] . This indicted that lncRNAs had important biological functions. Nevertheless, according to the lncRNAdb database (http://www.lncrnadb.org), only a small number of lncRNAs (~287) have well-characterized functions and molecular mechanisms [11] . These lncRNAs play important roles in regulating gene expression at the epigenetic, transcriptional and post-transcriptional levels. They participate in numerous key biological processes: genome imprinting and rearrangement, nuclear organization, nucleus-cytoplasm trafficking, cell metabolism, cycle and differentiation, apoptosis, stem cell pluripotency and development, and the immune response [5, 7, [12] [13] [14] . Their gene regulatory functions have become the main focus of the functional research into lncRNAs.
CHARACTERIZATION OF lncRNAs
Sources and categories of lncRNAs There are various sources for the emergence of lncRNAs [15] : derivation from protein-coding genes through open reading frame (ORF) disruption; chromosomal rearrangement; retro-transposition of ncRNA; duplication of tandem repeat sequences; and insertion of a transposable element. Genome-wide chromatin-state maps generated by chromatin immunoprecipitation sequencing (ChIP-seq) demonstrated that lncRNAs originated from multiple loci throughout the genome, and these loci may be intergenic or intragenic. The lncRNAs might be further subdivided into six categories based on the way they overlap coding genes or the position relationship with relative coding genes ( Fig. 1 ) [16] : sense; antisense; bidirectional promoter; enhancer (eRNAs); intronic; and intergenic. Despite the variety of types and widespread distributions of lncRNAs in the genome, they are preferentially localized in the vicinity of gene promoters in the antisense orientation [17] . It is also worth noting that these different classes are not mutually exclusive. Sense lncRNAs overlap one or more exons of the coding transcripts on the same strand. Antisense lncRNAs are transcribed in the antisense orientation of the coding genes, and they overlap one or more exons of the coding transcripts on the opposite strand and often share sequence complementarities with them. Their transcription was more likely to overlap genes associated with condition-specific expression or the stress response, in which they showed higher variability in transcript levels. Their interaction with these genes was believed to confer an on-off switch function to the transcription regulation for these genes [18] [19] [20] . Their functions involve genome imprinting, regulation of RNA alternative splicing and translation [21] . Bidirectional promoter lncRNAs tended to be transcribed within 1 kb of the gene promoters in an opposite direction to the coding transcripts [22] . They are usually highly conservative and their corresponding coding genes mainly encode transcriptional regulatory factors implicated in cell differentiation and development [17] . eRNAs, transcribed from enhancer regions of the genome, are usually less than 2 kb in length and show little evidence of maturation [23] . They are functionally associated with enhancers and participate in chromatin looping and long-range gene activation, playing an important role in system development and the formation of homeostasis [22, 24, 25] . Intronic lncRNAs, which derive wholly from the introns of coding genes, constitute the major fraction of the non-coding RNA in mammalian cells [26, 27] . Previous studies reported that changes in the levels of intronic lncRNAs and their adjacent exons are tightly correlated. These exons are under strict control throughout the time course of inflammation, suggesting that they may function during the inflammation response [27] . Other researchers found that the abundance of several intronic lncRNAs in pancreatic tissues correlates to pancreatic ductal adenocarcinoma (PDAC), pointing to their potential role in pathological processes, such as malignant transformation and metastasis in pancreatic cancer [28] . Integrative analysis of the transcriptomes and the K4-K36 domain profiles in mice revealed that the majority of genome intergenic regions produce multiexonic lncRNAs with relatively strong conservation in their loci. They lie between two coding genes and have no coding genes within 30 kb of their loci and are termed long intergenic/intervening non-coding RNAs (lincRNAs) [12, 23] . LincRNAs often show high sequence conservation across introns and untranscribed intergenic regions [22] . About 20% of the lincRNAs expressed in various cell types are bound by polycomb repressive complex 2 (PRC2) or other chromatin-modifying complexes [2] . Further studies showed that their expression often correlates with neighboring coding genes and they exert enhancer-like functions by guiding chromatin-modifying complexes to specific genomic loci, transmitting information from higher order chromosomal looping into chromatin modifications to coordinate long-range gene activation [29] .
Several studies indicated that the coding genes proximal to lincRNAs tend to be involved in development and transcriptional regulation, and that the expressed lincRNAs modulate key cellular process such as embryonic stem cell pluripotency and cell proliferation [22, 30, 31] .
Cellular localization of lncRNAs
LncRNAs also have diversified cellular localization: they can be positioned in the nucleus, cytoplasm or both, and be bound to DNA, RNA or proteins. They regulate gene expression at multiple levels. Studies have shown that lncRNAs are predominantly located in the nucleus (~30% of the lncRNAs expressed in human cells were observed in the nucleus, ~15% in the cytoplasm, and ~50% in both) [32] . The function of a given lncRNA varies with location, and its location may imply function [16, 32] . Generally, lncRNAs in the nucleus are closely linked to chromatin and have gene regulatory functions at the transcriptional level, while those located in the cytoplasm function at the post-transcriptional level [23] .
Comparison between different classes of RNA Although lncRNAs and mRNAs are distinct classes of transcripts, they do have some similarities. Both are transcribed by RNAPII from highly conserved promoters marked by similar chromatin signatures and both undergo maturation processes such as 5' capping, splicing and 3' polyadenylation [30] . Furthermore, they have similar transcriptional regulatory mechanisms, with both subject to regulation from epigenetics, transcription factors and other ncRNAs [33] . However, lncRNAs exhibit weaker selective constraints than mRNAs. They also have lower CG content and a higher density of single nucleotide polymorphisms (SNP), and possess relatively shorter nucleotide sequences and fewer exons. LncRNAs have no coding ORF or typical initiation or termination codons. The 3' untranslated regions (UTR) of lncRNAs may also be different from those of mRNAs. In addition, lncRNAs generally have lower expression levels and stronger tissue-specific expression patterns than mRNAs, and the variety of types and their abundances far exceed those of mRNAs. Finally, lncRNAs are predominantly located in the nucleus, and they can be more easily degraded by the exosome, i.e., they have a lower stability than mRNAs [3, 16, [32] [33] [34] [35] [36] . Both lncRNAs and sncRNAs are more likely to be transcribed from the 5' and 3' ends of the coding genes, but the former has a longer transcript and is more centrally located near the promoter, as well as the introns and the first exon of the coding genes [15] . Among these ncRNAs, circRNAs, which have a wide range of lengths, showed similarities and differences with their linear counterparts. In terms of action mechanisms, circRNAs and lncRNAs can act as miRNA "sponges" by sharing common miRNA response elements and inhibiting normal miRNA activity on mRNA [3] . However, circRNAs have circular structures that can be highly stable due to their inaccessibility to exonucleases [37] . Generally, sncRNAs have stronger sequence conservation and mainly stymie gene expression at the post-transcriptional level via the primary structure based on specific sequence base pairing. Nevertheless, lncRNAs without sequence conservation sometimes contain conservative functional domains that may form higher-order structures and play a regulatory role at multiple levels via various mechanisms [26, 38] . Despite the distinct differences in the two classes of ncRNAs, there are some connections between them. As described later, lncRNA genes may harbor internally encoded sncRNAs and certain lncRNAs may be processed into functional sncRNAs. Besides, sncRNAs may play a role in the regulation of lncRNAs. In a word, different types of ncRNA can form complex regulatory networks that regulate gene expression synergistically.
FUNCTIONS AND MECHANISMS OF lncRNAs IN GENE REGULATION
Thousands of lncRNAs with tissue-and development-specific expression have been discovered, but their biological functions and the mechanisms underlying them still remain elusive. One prevailing theory stated that the functional diversity of lncRNAs is achieved through modularity of specific RNA domains that coordinate combinatorial RNA-RNA, RNA-DNA and RNA-protein interactions [29] . Several functional properties of lncRNAs are simply determined by their primary structure through specific nucleotide sequence interactions with DNA or RNA. In addition, lncRNAs may also adopt a variety of complex secondary and tertiary folds to form ribonucleoprotein complexes with chromatin-modifying enzymes, transcription factors, splicing factors and other proteins, performing extensive biological functions [39] [40] [41] . What follows is a summary of the currently experimentally verified regulatory mechanisms of lncRNAs in regulating their target genes (Fig. 2 ).
LncRNAs and epigenetic regulation
LncRNAs can act as molecular scaffolds to recruit chromatin remodeling complexes to specific genome loci, inducing changes in the epigenetic status of their targets ( Fig. 2A) . Chromatin-modifying factors with limited types have no DNA sequence binding specificity. They usually contain RNA-binding domains and perform a precise regulatory role throughout the genome under the guidance of RNA. Benefitting from their long sequence, lncRNAs can serve as scaffolds to assemble distinct epigenetic modification factors and guide them to intended targets, impacting gene transcription. For instance, the 5' domain of HOTAIR binds to PRC2, whereas its 3' domain binds to the lysine-specific demethylase1/RE1-silencing transcription factor co-repressor/RE1-silencing transcription factor (LSD1/CoREST/REST) complex, dynamically modulating the expression of genes related to development and disease [42, 43] . The classic cases for the epigenetic effects of lncRNAs exist in X chromosome inactivation and genome imprinting. The process of X chromosome inactivation in female mammals is driven by a series of lncRNAs, including Tsix, RepA and Xist [44] . RepA can directly bind PRC2, move to the X-inactivation center (Xic), and activate transcription of the Xist gene, generating Xist, which coats the Xic, causing formation of heterochromatin and chromosome-wide silencing to maintain the gene dosage balance between different sexes in the XY sex-determination system. Other lncRNAs that bind PRC2 to influence epigenetic inheritance, such as Kcnq1ot1 and H19, play a significant role in genome imprinting [45] .
LncRNAs and transcriptional regulation
LncRNAs can affect transcription of coding genes by acting on their promoters. For instance, lncRNAs transcribed from upstream of DHFR form a triple-helical structure at the promoter of DHFR and prevent it from binding the transcription cofactors TF II B, thus repressing transcription of DHFR (Fig. 2B ) [46] . Triplehelix structures are observed at multiple sites on the chromosomes of eukaryocytes, indicating that it may be an extensive regulatory mechanism [47] . LncRNAs can also serve as molecular decoys for regulatory proteins to influence gene transcription. GAS5 may serve as molecular decoys to compete for the DNA-binding domain of glucocorticoid receptors (GR) with the glucocorticoid response element (GRE) of glucocorticoid-responsive genes, and inhibit the binding of GR to GRE to modulate the transcription of these genes, thus affecting cell metabolism and survival (Fig. 2C) [29, 48] . Here, lncRNA functions through its RNA motif based on the stem loop structure, which is similar to the DNA motif of response elements in the regulatory regions of genes. LncRNAs may interact with basic components of RNA polymerase II (RNAPII), leading to general transcription regulatory effects. For instance, lncRNA transcribed from Alu short interspersed elements (SINEs), blocks transcription by binding RNAPII at promoters and prevents the formation of active pre-initiation complexes in human cells during the cellular heat shock response (Fig. 2D) [49] . LncRNAs may regulate transcription of target genes by modulating the cellular localization of the corresponding transcription factors. In the cytoplasm, NRON binds transport proteins such as importin-β to serve as a trap for the transcription factor NFAT and regulates nuclear-cytoplasmic trafficking of NFAT to further influence the expression of IL-2 at the transcription level, which plays an important role in the immune response (Fig. 2E) [50] . Some lncRNAs that are poorly conserved at the primary sequence level may activate or repress the transcription of nearby genes through their transcription processes rather than their transcripts to alter the chromatin conformation or occupancy states of transcription factors on chromatin [51] . LncRNAs generally exhibit low sequence conservation, which makes researchers believe that the act of transcription rather than its RNA product has functionality. When promoters of coding and non-coding genes are closely adjacent, their transcription processes could achieve coupling via remodeling of the chromatin domain. For instance, transcription of lncRNAs in the promoter regions of FBP1 provides a continuous state of open chromatin, which is conducive to the binding of transcription activators and RNA polymerase and to the promotion of FBP1 transcription (Fig. 2F) [52] . Transcription of one transcript may bypass the promoter of another, which would cause an inhibitive effect on that of the latter. One example of this regulation type occurs between lncRNA SRG1 and SER3, where SER3 is repressed [53] .
LncRNAs and post-transcriptional regulation
LncRNAs can interact with sequence-complementary mRNAs through specific base pairing, impacting processing of pre-mRNAs to generate diverse alternative splicing forms (Fig. 2G) . Saf, transcribed from the opposite strand of the intron 1 of the human FAS gene, targets the complementary intron regions of FAS pre-mRNA to produce repressive forms of FAS transcripts, thus blocking the binding of Fas ligand (FasL) and protecting T lymphocytes from Fas-mediated apoptosis [54] . LncRNAs can act as small RNA (sRNA) precursors (Fig. 2H) . Some researchers found that many lncRNA genes harbor internally encoded sRNAs, which may be processed into functional sRNAs (i.e., miRNAs, piRNAs, tRNAs, snRNAs and snoRNAs) [55] [56] [57] . Many well-studied lncRNAs such as MALAT1, XIST and TUG1 can produce miRNAs. The stem-loop or hairpin structures of lncRNAs or double-stranded regions formed with other RNAs could be processed into siRNAs, which can regulate the transcript levels of both coding and non-coding genes [7] . Double-stranded RNAs formed by Xist and Tsix are cleaved into endogenous siRNAs by the ribonuclease Dicer, which is required for the formation of the repressive chromatin in X chromosome inactivation [58] . LncRNAs can also serve as molecular decoys for miRNAs. LncRNAs may function as competing endogenous RNAs (ceRNAs) to competitively recruit shared miRNAs with mRNAs, thereby regulating gene expression at the posttranscriptional level synergistically with miRNAs (Fig. 2I) [59] . In this case, the recognition and interaction between miRNAs and lncRNAs depend on specific base pairing at the binding sites. Researchers first found a ceRNA in Arabidopsis named IPS1, which combined with miRNA-399 and regulated the expression of PHO2 [60] . Subsequently, more ceRNAs were discovered in mammals such as linc-MD1, linc-ROR and PTENP1 [14, 61, 62] .
LncRNAs and translational regulation
LncRNAs may combine with sequence-complementary mRNAs and regulate their translation. Half-STAU1-binding site RNA (1/2-sbsRNA) targets mRNA 3' UTR to form the lncRNA/mRNA complex, which is then bound by the double-stranded RNA-binding protein STAU1, resulting in the degradation of the mRNA (Fig. 2J) [63] . Complementary combination of UCHL1 mRNA with its antisense lncRNA is necessary for the synthesis of UCHL1 (Fig. 2K) [64] .
Complementary interaction with its antisense lncRNA can enhance the stability of BACE1 mRNA and raise its protein levels. This state is associated with Alzheimer's disease [65] . LncRNAs can also bind to regulatory factors to modulate the process of translation. For instance, lncRNA-p21 recruits repressor Rck to inhibit translation of JunB and β-catenin [66] . GAS5 binds to translation initiation factor eIF4E which promotes translation of c-Myc [67] .
LncRNAs and post-translational regulation
LncRNAs can modulate the activities of proteins at the post-translational level by serving as molecular "ligands" for specific RNA-binding proteins, causing an allosteric effect to their conformations, or by impacting the modified state of certain proteins. For example, lncRNAs associated with the promoter of CCND1 are induced by DNA damage signals and recruit RNA-binding protein TLS to the CCND1 promoter and allosterically modify it. The activated TLS inhibits histone acetyltransferase activities of CBP/p300 on its target CCND1, having a repressive function on transcription of the target (Fig. 2L) [68] . Lnc-DC, exclusively expressed in human dendritic cells (DCs), binds to transcription factor STAT3 to prevent it dephosphorylation by SHP1, which in turn promotes STAT3 phosphorylation on tyrosine-705. Finally, the STAT3 signaling pathway in DCs is enhanced and T cell activation is stimulated, which is critical to DC differentiation and immune response (Fig. 2M) [69] . All of the above mechanisms reflect that lncRNAs perform a wide range of roles in cells, especially in terms of gene expression regulation. They function at multiple levels, including the epigenetic, transcriptional and post-transcriptional levels, with a variety of mechanisms and a positive or negative regulatory role. Epigenetic effects and ceRNA regulatory networks formed by interactions between lncRNAs and miRNAs have been focal points in the study of this field. LncRNAs can guide changes in gene expression either in cis (neighboring genes on the same allele) or in trans (distantly located genes) [39] . LncRNAs that function in cis are somehow determined by their intrinsic traits, such as their shorter half-life and remaining tethered to their own chromatin locus as soon as they are synthetized. LncRNAs in trans act by targeting DNA to form a heteroduplex, or a triplex, or by recognizing the surface of specific chromatin features [29] . Studies have shown that the vast majority of thus-far well characterized functional lncRNAs are trans-regulators [39] .
STUDY STRATEGIES FOR lncRNAs

Identification of lncRNAs
The main high-throughput methods for detecting lncRNAs are microarrays and RNA sequencing. Traditional microarrays are commonly applied to determine mRNA abundances rather than the detection of lncRNAs. However, considering the cost and complexity of the data processing and analysis of RNA sequencing, traditional microarrays remain a good choice in many applications [5] . Additionally, tiling arrays, which differ from traditional microarrays in their unique probe design, can identify known or novel lncRNAs on a genomic scale, without prior knowledge of their genome localization. This method also has some limitations, including the requirement for large amounts of RNA, the presence of cross-hybridization, the limited sensitivity and specificity, the narrow quantitative range for RNA expression values, the inability to distinguish splicing variants, and the cost [5, 13, 42] . RNA sequencing is a high-throughput transcriptome detection method based on next-generation sequencing (NGS), which is the most promising technology in transcriptome studies. It can be used to identify and quantify lncRNAs in an unbiased manner. The greatest advantages of this method are that it can provide a highly dynamic range of expression values with higher sensitivity, and can realize genome-wide RNA sequencing at single nucleotide resolution without foreknowledge of the genomic loci of the transcribed regions. However, it means more data processing and analysis and it has stronger dependence on computers and algorithms. For example, it usually applies short-read mappers such as Bowtie 2 and Burrows Wheeler Aligner [70, 71] to align the sequencing reads to the reference genome, then uses Cufflinks or other software to reconstruct the transcript [72] , and finally aligns these transcripts to RefSeq, ENCODE and FANTOM and the two experimentally verified databases LncRNAdb and NRED to discover novel lncRNAs [73] [74] [75] . In addition, RNA capture sequencing (CaptureSeq), a special RNA sequencing technique, can be used to detect transcription information from specific target regions of the genome. It has the ability to detect lncRNAs with transient and very low expression, and may even infer their functions and regulatory information [76] . ChIP-Seq is also a common approach for high-throughput detection of lncRNAs. Actively transcribed genes usually contain special histone marks. Namely, promoter regions are marked by H3K4me3 and whole transcribed regions by H3K36me3, which is termed the "K4-K36" domain [77, 78] . These features can be used to identify lncRNAs. Other high-throughput methods such as serial analysis of gene expression (SAGE) and massively parallel signature sequencing (MPSS) could also be applied to discover lncRNAs [79] . Combined with highthroughput sequencing, paired-end ditags (PETs), rapid amplification of cDNA ends (RACE) and cap analysis of gene expression (CAGE) are often used to determine the position of transcriptional initiation and the termination point [80] . Studies showed that many previously annotated mRNAs instead represented lncRNAs [15] . So part of the microarray data may contain lncRNA information, which can be acquired by re-analyzing and annotating these data. For example, Lu et al. identified two lncRNAs associated with left ventricular hypertrophy using traditional genome-wide microarrays [81] . Zangrando et al. extracted lncRNA data from microarrays and identified 30 differentially expressed lncRNAs in the heart after myocardial infarction [82] . Both research groups showed that traditional whole genome microarrays could be useful reservoirs of lncRNA data and that researchers could design some specific analytical pipelines to identify additional lncRNA transcripts represented on microarrays. In addition, the mining of libraries based on expressed sequence tag (EST) or full-length cDNA clones and sequences may also discover some candidate lncRNAs [6, 35] . For lncRNAs detected through high-throughput sequencing, it is necessary to make sure that they are not transcriptional noise. Generally, if the transcription regions lie within the K4-K36 domain and are enriched in RNAP II and DNase I hypersensitive sites, then the candidate lncRNA is more likely to be an actively transcribed RNA product rather than transcriptional noise [83] . Besides, it is a challenge to distinguish lncRNAs from mRNAs. The commonly adopted indices include the codon substitution frequency (CSF) and coding potential calculator (CPC) scores. Non-coding sequences lack conservation relative to coding ones, and are prone to mutations in evolution, so they may have higher CSF scores [84] . However, the CSF score depends on phylogenetic analysis through multiple sequence alignments so there may bee difficulties in assessment of orthologous sequences lacking high credibility [85] . The CPC algorithm, which does not rely on phylogenetic analysis, requires the assessment of ORF and the protein homology of a transcript [86] . Some transcripts may exhibit both coding and non-coding properties, and there exists various alternative splicing isoforms between mRNAs and lncRNAs, both of which increase the difficulties in their distinction. Other algorithms to assess the coding potential of a transcript include the prediction of transcriptomic ncRNA by ab initio methods (PORTRAIT) and the coding potential assessment tool (CPAT) [87, 88] . In general, these bioinformatics methods may make errors in the prediction of lncRNAs that have similarities with mRNAs. The commonly used experimental methods for the verification of highthroughput results include quantitative real-time PCR, Northern blot and fluorescence in situ hybridization (FISH). Of these, PCR is the most frequently used authentication. It applies SYBR Green or Taqman probes to detect the expression levels of one or more lncRNAs with simple procedure and high sensitivity [89] . Northern blot can directly detect the presence of a target lncRNA and its expression patterns in different tissues and developmental stages, and under environmental pressures, which is a classic means with complex operation processes and high specificity. FISH is also a favored validation technique. It can be used to conduct qualitative, relatively quantitative and positional research on lncRNAs from tissue biopsies, cell smears, and other materials [90] . The Panomics QuantiGene Plex and Panomics ViewRNA techniques [91] , which may be applied in medical research, can perform highthroughput validation for minuscule samples and in situ detection of lncRNAs with low expression. Both techniques are suitable for samples from multiple sources and are quick and easy to operate with high accuracy and sensitivity.
Functional study of lncRNAs: Bioinformatics
Applying bioinformatics to predict lncRNA functions is an attractive research direction. The main strategies are comparative genomics methods, guilt by association, and analyses of interactions with other molecules.
Comparative genomics methods
Some lncRNAs may be homologous to coding genes or possess conserved short sequence fragments to maintain their structures and functional domains, which can be used to infer their functions [12, 92] . Multiple sequence alignments and motif identification algorithms are used in this strategy. The main challenges may be ascribed to the diversity of lncRNAs, which often have lineage-specific functions and exhibit limited numbers of available sequences for multiple sequence alignments [85, 93] .
Guilt by association
LncRNAs acting in cis may affect the expression of neighboring coding genes on the same allele. Thus, the positional relationship between lncRNAs and mRNAs in the genome is considered in predicting the lncRNA regulation of target genes [13] . One theory is that functionally related genes often have similar expression patterns [92] . Based on this, co-expression clustering analysis between lncRNAs and mRNAs may represent an effective bioinformatics method to infer the function of lncRNAs on a genome-wide scale. The pathways and cellular processes that lncRNAs may regulate can also be inferred on the basis of the known functions of co-expressed coding genes [94] .
Analysis of interactions with other molecules
This method is suitable for genome-wide analysis of data from microarray and high-throughput sequencing. LncRNAs may function through interactions with other ncRNAs and proteins. Currently, many researchers try to reveal the function of lncRNAs by studying the regulatory relationship between miRNAs and lncRNAs. The related available resources include: miRcode (http://www.mircode.org); [95] miRNA-lncRNA regulatory networks supported by CLIP-Seq from the starBase platform (http://starbase.sysu.edu.cn/mirLncRNA.php) and ceRNA regulatory networks (http://starbase.sy su.edu.cn/mrnaCeRNA.php) [96] ; and DIANA-LncBase (http://www.microrna.gr/LncBase), which includes both experimentally verified and predicted miRNA-lncRNA interaction networks [97] . In addition, LncRBase (http://bicresources.jcbose.ac.in/zhumur/lncrbase) can offer association analysis support for studies differentiating between lncRNAs, miRNAs and piRNAs [98] . At the same time, the function of lncRNA can be inferred from potential interacting proteins. For example, catRAPID (http://service.tartaglialab.com/page/catrapid_group) provides an online algorithm to estimate the binding propensity of RNA-protein pairs based on their physicochemical properties, such as secondary structures, hydrogen bonds and van der Waals' forces [99] .
Experimental techniques for functional studies of lncRNAs
LncRNAs with long sequences convey more information and more easily form higher structures, which imposes diverse functionalities on them. Accordingly, more methods are adopted to study their functions. The basic strategy is gain-or loss-of-function studies, which detect expression changes of related genes and cell phenotypes based on correct bioinformatics predictions. A related new technique combined knockdown and localization analysis of noncoding RNAs (c-KLAN), using both siRNA inference and FISH, can be applied in loss-offunction studies and cellular localization of lncRNAs [100] . Given that lncRNAs may gain diverse functionalities by binding to DNA and proteins, their functions and mechanisms can be understood by understanding their interacting partners. Related techniques include RNA immunoprecipitation (RIP), chromatin isolation by RNA purification (ChIRP) and capture hybridization of RNA target (CHART) [101] [102] [103] .
Higher structure study of lncRNAs As stated above, lncRNAs may form higher structures to perform their function. Therefore, to understand the function of a given lncRNA, its nucleotide sequence is not enough. The three-dimensional structure needs to be further explored. The minimum free energy method, phylogenetic analysis and machine learning approach are the common methods to predict the structure of lncRNAs [41] . However, prediction of lncRNA structure remains a challenge. For instance, the minimum free energy method based on thermodynamics rules has declining accuracy when dealing with long sequences like those of lncRNAs. Phylogenetic analysis is not a good fit for lncRNAs. There are two major experimental approaches to dissect the RNA secondary profile: enzymatic probing and chemical probing. Based on chemical probing, researchers developed the shortgun secondary structure (3S) technique, which is suitable for tackling the structures of lncRNAs [104] . This technique can determine the secondary structure of a given lncRNA and its modular subdomain without particular dependence on algorithm prediction. The structure of the first human steroid receptor RNA activator (SRA) was recognized using the 3S technique [105] . One theory states that the functional diversity of lncRNAs is gained through modularity of specific RNA domains that coordinate combinatorial RNA-RNA, RNA-DNA and RNA-protein interactions [39] . To further understand how lncRNAs interact with chromatinmodifying complexes at the level of individual RNA domains, researchers developed domain-specific chromatin isolation by RNA purification (dChIRP), which has increased accuracy and sensitivity and has been applied to reveal domains of the lncRNA roX1 [106] . High-throughput techniques to explore the structures of RNA include parallel analysis of RNA structure (PARS), fragmentation sequencing (FragSeq) and selective 2'-hydroxyl acylation analyzed by primer extension and sequencing (SHAPE-Seq) [107] [108] [109] . On the basis that RNA single-stranded regions are more sensitive to enzyme digestion, these techniques use RNase to generate a single phosphorylated transcript at the 5' end, and study RNA structure at the level of the transcriptome using a high-throughput sequencing platform. Highthroughput structural study of the transcriptome requires the analysis of masses of transcripts in a short time, and an algorithm like SeqFold shows great potential for it [110] . In addition, X-ray crystallography, nuclear magnetic resonance (NMR), and 3-D reconstruction techniques can be used to study the tertiary structure of RNA and its complex formed with other biomolecules. However, adoption of these techniques in a high-throughput manner remains a challenge. With the development of new technologies, it will be possible to gain a thorough understanding of internal relations between lncRNA structure and function, as well as common motifs of RNA structure that result in specific protein interactions or other functional properties.
lncRNAs AND DISEASE
Emerging researches suggested that many diseases, especially cancers, are associated with aberrant expression of lncRNAs. For instance, MALAT1 is abnormally upregulated in many malignant tumors and participates in the invasion and metastasis of tumor cells [111] [112] [113] [114] [115] . PTENP1 transcribed from pseudogene PTEN regulates expression of the latter, which involves in occurrence of tumor [116] . Many tumor suppressor genes may be silenced by their antisense lncRNAs through epigenetic effect, which is responsible for various kinds of cancer. This can be seen in the formation of leukemia, during which the antisense lncRNA of P15 induces changes to heterochromatin and DNA methylation status [117] . In addition, genome polymorphism aberrations and chromosomal alterations that occur in non-coding regions are associated with genesis of some human genetic disorders. For example, the translocation expression of an antisense lncRNA causes the epigenetic silencing of an adjacent α-globin gene, leading to α-thalassaemia [118] . LncRNA has received increased attention due to its implication in serial steps of disease development, and the study of lncRNA expression patterns in pathological tissues contributes to new insights into pathology. Advances in molecular and computational biology techniques promote the interaction studies of lncRNAs and other biological molecules, which makes lncRNAs a promising therapeutic target.
CONCLUSION
The recent revolution in microarray and sequencing technology has revealed numerous lncRNAs associated with various biological processes and disorders. However, the low sequence conservation of lncRNAs across species and tissues and its extremely complicated mechanism make it difficult to apply the results into the new research.
Furthermore, masses of functional lncRNAs have not yet been discovered, and their structures, functions and mechanisms of action have not been clearly characterized. Studies must be expanded to many more species and biological phenomena to discover novel lncRNAs systematically and better explain the complexity of genetic programming and answer questions on evolution, development and disease. The existing protein-centric genome annotation, the intracellular signaling pathways and the biological regulatory networks established merely by proteins are incomplete. It is essential to further perfect genome annotation, create unbiased expression profiling of each individual transcript and determine interactions between different types of ncRNA and protein. At the same time, advances in algorithms may increase the power of RNA sequencing to unravel lncRNA transcriptomes, especially the prediction of its higher structure and targets. On the other hand, more effective experimental techniques are still needed to determine functions and higher structures of lncRNAs if research is to truly adapt to the rapid development of bioinformatics.
